Abstract: The effect of the amendment with alginite, an organic rock originating from the biomass of fossilized unicellular algae, on microbial activity of forest soils was tested using a pot experiment. Five variants of soil-alginite mixtures were tested in three replicates with two forest soils: a loose sandy soil and a sandy loam. Gravimetric moisture closely correlated with the dose of alginite in both soils. Basal respiration and catalase activity increased with the dose of alginite in the sandy soil, but not in the sandy loam, where the highest response was observed at intermediate doses of alginite. The correlations of microbial activity parameters with moisture in the sandy soil were also much closer than in the sandy loam. The amendment with alginite was thus effective in improving some of the selected microbial activity indicators, but the optimum dose of alginite strongly depends on soil texture.
Introduction
Climate scenarios for Slovakia predict an increase of the duration of drought periods. Unfavourable changes in soil water content leading to physiological weakness of forest stands could potentially occur at lower elevations, especially on soils with low water-holding capacity, in the near future (Střelcová et al. 1997; Škvarenina et al. 2004) .
The amendment of organic or inorganic material to topsoil is considered a way to improve physical properties of soil. Such materials affect the living space of soil microorganisms and thus also their activity (Dlapa et al. 2004; Fernandez et al. 2007; Ismail & Ozawa 2007) . Alginite is a sedimentary laminated rock -an oil shale (Jámbor & Solti 1975) , which originated in basalt maar lakes. Dark laminae are rich in amorphous organic matter and well preserved cells of green alga Botryococcus braunii. The grey laminae are composed of clay minerals derived from weathered basaltic tuff. In addition to organic matter, the rock contains considerable amounts of macronutrients such as P, K, Ca and Mg, as well as numerous trace elements. The content of heavy metals lies below toxicity limits. A large specific surface area ranging from 300 to 650 m 2 g −1 results in a water retention capacity of approx. 110% (Russell 1990; Vass et al. 1997; Kulich et al. 2001) . Tests of alginite from the deposits in Pula and Gerce (Hungary) showed that it can be used in agriculture and forestry to improve soil quality, soil water dynamics and nutrient content, to increase organic matter content, colloid content and to protect soil against acidification, desiccation and leakage of nutrients (Vass et al. 2003) . No negative side effects for the environment have been observed (Kulich et al. 2001) .
Soil microorganisms are the key agents in decomposition and mineralization of dead organic materials and in the soil nutrient balance. Because of their quick response to changes and adaptation to environmental conditions, they are often used as indicators of soil quality and soil health. Compared to higher organisms, microorganisms have a high surface-to-volume ratio, which means they are capable of a much more intense exchange of matter and energy with their environment. Therefore, soil microbiota are able to respond quickly to environmental stress. Changes in size, composition and activity of microbial communities can frequently be observed before detectable changes in soil physical and chemical properties occur (Nielsen & Winding 2002) .
The aim of this study is to assess whether the influence of alginite amendment improves water retention capacity and microbial activity of soils and to what extent an eventual improvement depends on soil texture. Significance levels: *** P < 0.001, ** P < 0.01, * P < 0.05, + P < 0.10, ns P > 0.10; DF -degrees of freedom; 1 approximate DF; Greenhouse-Geissler adjustment of DF was used for probability tests give a range of particle sizes from dust to fragments up to 0.5 cm long (as used in the field applications). Two forest soils were used in the experiment and were sourced from two localities in southern Slovakia. The soil from Šaštín is an acidic loose sandy soil with over 90% of aeolic quartz sand (Areni-Dystric Cambisol, pH/H2O 5.06, Corg 1.05%, sand 92.5%, silt 1.5%, clay 6.0%), whereas the soil from Rátka is a sandy loam originating from volcanic rhyodacite tuffs and clastic sediments (friable sandstone and siltstone) with almost 50% of fine particles (Eutric Cambisol, pH/H2O 6.15, Corg 2.50%, sand 53.9%, silt 27.1%, clay 19.0%). Soil samples were taken from the uppermost mineral horizon, sieved (< 2 mm) and thoroughly mixed with alginite. Mixtures were placed outdoors and shaded. To mimic the normal course of precipitation and, at the same time, to avoid possible effects of weather extremes, pots were protected against rain but irrigated with distilled water at two-week intervals, with quantities of water that corresponded to the monthly precipitation totals averaged over both localities (1 mm of precipitation was represented by 22.7 mL of water per pot). Three replicates per mixture were established. To avoid any spatial dependence of data ("block effect"), pots were rearranged every month. Soil samples for microbial analysis were taken approximately at two months, six months and one year after establishment of the experiment (October 03, 2004 , January 31, 2005 and September 20, 2005 . Soil moisture was determined gravimetrically by oven-drying fresh soil at 105
• C for 24 h. Carbon dioxide released from 50 g of soil without glucose amendment (24 h; basal respiration) and with glucose amendment (10 mg of D-glucose per 1 g of soil, 4.5 h; substrate-induced respiration, SIR) at 22
• C was absorbed in 50 mL 0.05 N NaOH. Carbonate was precipitated with 5 mL 0.5M BaCl2 and titrated against 0.05 N HCl. Catalase activity was determined by measuring the volume of O2 released 10 minutes after 20 ml 3% H2O2 was added to 10 g fresh soil. This was compared to a similar sample in which microbial activity was suppressed by heating at 180
• C; any O2 produced was assumed to be result of H2O2 dissociation caused by inorganic soil components; Khaziev 1976) .
Factorial analysis of variance with repeated measures was used to test the effect of alginite, location of the soil sample and date on microbial activity indicators (alginite and soil were considered fixed-effect factors, date was treated as a repeated-measure factor; GLM; SAS 1988). Greenhouse-Geissler adjustment of degrees of freedom was used for significance tests for date and interactions with date (Quinn & Keough 2002) .
The correlations between gravimetric moisture and microbial activity indicators were assessed by Spearman's rank correlation coefficients. As the data are not independent, statistical significance of correlation coefficients was tested by permutation test using 10,000 random permutations using an ad hoc program.
Results and discussion
A positive effect of alginite amendment on soil moisture was clearly and consistently manifested both in the Šaštín and Rátka soils over all measurement days (Fig. 1, Table 1 ). Moisture increased almost proportionately to the alginite content in the mixture. The decrease of moisture with time (mainly low moisture values at the last sampling date) is associated with the course of temperature and simulated precipitation rather than with the loss of the water-retention capacity of the soil-alginite mixture.
Alginite significantly affected basal respiration rate. However, the response to alginite amendment differed between soils. Whereas in the sandy soil from Šaštín, basal respiration increased with alginite content, the differences of respiration rates in the sandy loam from Rátka were negligible. Moreover, the temporal development of basal respiration also differed between soils. The highest respiration rates were always observed at the beginning of the experiment and they decreased markedly with time (Fig. 1) . The effect of alginite dose on substrate-induced respiration (SIR) was soil-and date-specific, but no clear trend was observed. Catalase activity was considerably higher in the Rátka soil, but this difference might also be caused by a different initial composition of microbial communities. This indicator of soil microbial activity was also strongly influenced by alginite amendment, but the response differed between soils in a similar manner to that of basal respiration: in the soil from Šaštín, it increased regularly with increasing alginite content in the mixture, whereas the soil from Rátka exhibited the highest rates at the doses 6.25 to 12.5% of alginite. Again, catalase activity changed with time, with the temporal development differing between soils and alginite doses (Fig. 1,  Table 1 ).
As expected, both catalase activity and basal respiration were significantly and positively correlated with soil moisture. Nevertheless, the relationship was much closer in the sand of Šaštín (r = 0.643*** and 0.639***) than in the sandy loam of Rátka (r = 0.425** and 0.362* for basal respiration and catalase activity, respectively). SIR was not significantly correlated with moisture.
Organic amendment generally improves soil moisture regime (Jacobs et al. 2003; Vepsäläinen et al. 2004 ). The effect of alginite, however, may be specifically related to more than just the organic component. Indeed, the alginite we used contains on average only 15% of organic carbon, represented primarily by humus-like substances (humins, humic acids, fulvic acids; Vass, unpublished data, cf. Szabó 2004) . The major components of alginite are clay minerals (11 to 79%), mainly illite, kaolinite and smectite (Vass et al. 1997; Kulich et al. 2001) .
In the loose sandy soil from Šaštín, the positive effect of alginite amendment on basal respiration and catalase activity can largely be ascribed to ameliorated moisture levels. In contrast to compost or municipal waste, alginite could not directly contribute to the increase of the microbial population. However, even a small addition of alginite strongly increased the fraction of surface-active colloids. As bacteria and unicellular algae rely on diffusion of nutrients and carbon sources in water, the presence of water-filled pores or water films in air-filled pores is essential for their survival (Chenu & Stotzky 2002) . Despite the fact that the pots used in our experiment were closed (i.e., the soil-alginite mixture was not drained), shaded, and regularly irrigated, evaporation was obviously sufficient to decrease water potential and empty all coarser pores in the low-alginite treatments. Under natural conditions, in drained soils exposed to temperature extremes, the effect of alginite amendment would likely be even more pronounced. On the other hand, the initial proportion of fine particles in the sandy loam from Rátka was much higher than in the Šaštín soil, which was reflected in higher gravimetric moisture in the control (no-alginite) samples. Microbial populations were thus not dependent on water retained in the added alginite.
Other effects of alginite amendment cannot be excluded either. Alginite is quite rich in nutrients, except nitrogen. Release of phosphorus, potassium and microelements could significantly contribute to supplying the demands of the microbial population. Moreover, both the clay minerals and organic matter contained in alginite have high cation-exchange capacities (in contrast to quartz sand), thus regulating cation concentration in the soil solution (Schachtschabel et al. 1984) . Finally, interactions among clay particles and organic macromolecules both contained in the alginite (humic substances, cf. Schachtschabel et al. 1984 ) and produced by microorganisms (e.g., extracellular polysaccharides; cf. Dorioz et al. 1993 ) may have contributed to the formation and stabilization of microaggregates, thus creating new microhabitats (cf. Heijnen et al. 1992; England et al. 1993) . Logically, the effects of all the above-mentioned processes would have been more pronounced in the aeolic sand of Šaštín than in the Rátka soil, which initially had greater amounts of clay and humus.
Not all indicators of microbial activity reacted consistently to alginite amendment. The reaction of SIR depended on soil and date. Partly, this can be explained by technical aspects: SIR was scored 4.5 hours after glucose addition (as recommended by Alef & Nannipieri, 1995) . However, the time of peak CO 2 production depends on moisture and a particular combination and concentrations of added substrates (Meli et al. 2003) . The added glucose may have interacted with lowmolecular components of alginite such as fulvic acids, resulting in varying and unpredictable patterns of respiratory response. Second, SIR is a measure of microbial biomass (Anderson & Domsch 1978) , which need not respond to improving conditions as rapidly as the physiologically-based respiratory activity of microorganisms.
In conclusion: amendment of alginite was shown to improve the soil condition as indicated by some of the selected microbial activity indicators, but the eventual positive effect strongly depended on soil texture. In forestry practice, alginite amendment is likely to be beneficial only in poor sandy soils.
